Summary Patients with ovarian cancer often respond well to combination chemotherapy initially but the majority eventually relapse when, with further treatment, the initially successful regimen proves ineffectual. The cause of such failures frequently has been attributed to the development of drug resistance. Although the mechanisms of acquired resistance in situ are still poorly understood, studies in vitro have shown that cells selected for resistance to one drug often exhibit cross-resistance to other seemingly unrelated agents, suggesting a somewhat generalised mechanism of resistance. We have studied the role of glutathione (GSH) and drug transport in determining the sensitivity to adriamycin (ADR) of a panel of human ovarian cell lines established directly from biopsies of patients with diverse treatment histories. These cell lines exhibited inherent differences in sensitivity to ADR by a dose factor of up to 3; a difference that was considerably less than what has been reported when cells were selected for drug resistance in vitro. The differences in drug sensitivity reported here among the various cell lines appeared to be unrelated to drug transport, in terms of both influx and efflux. Moreover, although these cell lines have a wide range of GSH content, there was only a poor correlation between drug sensitivity and cellular GSH content per se. However, when exposed to a clinically relevant dose of ADR, the GSH content of cell lines that were 'sensitive' decreased, whereas that of cell lines that were 'resistant' increased. To take these time-dependent changes in GSH into consideration, the area under the GSH content versus time curve (AUC), with and without ADR treatment, was calculated for each cell line. When this latter factor was included in the analysis, greatly improved correlations were found between GSH kinetic parameters and responses to ADR. In particular, ADR resistance was found to be closely correlated with the positive changes in absolute GSH AUC following ADR treatment (r=0.92; P<0.01). Using 35S-labelled cysteine and methionine as tracers, it was found that the essential difference between the 'resistant' and 'sensitive' lines was that the 'resistant' lines had higher steady-state rates of GSH synthesis than the 'sensitive' lines. These results demonstrate that changes in cellular GSH concentration during treatment may be an important indicator of tumour cell response to ADR.
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The role of glutathione (GSH) in the development of drug and radiation resistance in cancer cells is a subject of much current research effort. Although the mechanism(s) by which GSH protects cells from the damaging effects of cytotoxic agents is still not fully understood, it is now clear that GSH can greatly influence the intrinsic sensitivity of tumour cells to radiation (Biaglow et al., 1983; Shrieve et al., 1985; Revesz, 1985) and to a variety of cytotoxic drugs (Hamilton et al., 1985; Suzukake et al., 1982; Green et al., 1984; Crook et al., 1986; Lee et al., 1988; Kramer et al., 1987 . However, previous studies have focused only on the importance of the initial, pretreatment GSH contents in drug sensitive vis a' vis resistant cell lines. An indication that this may not be the only determining factor involving GSH was obtained in a series of experiments in which the role of GSH in modulating cellular response to adriamycin (ADR) was assessed using the human tumour HEp3 cell line (Lee et al., 1988) . It was observed that upon challenge with ADR, cellular GSH levels underwent a rapid decrease followed by a more gradual increase to a level significantly above the pretreatment concentration. These interesting kinetic changes in GSH concentration have prompted us to investigate in detail both the role of initial GSH steady-state concentration per se and the kinetic changes induced by cytotoxic challenge either as possible determining factors and/or indicators of cellular response to ADR. These studies were performed with a panel of human ovarian tumour cell lines established in this laboratory directly from both treated and untreated patients. ADR was chosen for this investigation because of its extensive use in combination therapy of ovarian cancer. Furthermore, the propensity of ADR to generate reactive ADR as well as oxygen radicals and hydrogen peroxide made it wellsuited for probing the enzyme-dependent and -independent For the study of GSH synthesis, a gradient elution procedure of 10 min duration, commencing at time zero, from 10% to the final condition of 23% acetonitrile in 40nM ammonium phosphate buffer, pH 7.2, containing 5 mM tetrabutylammonium hydroxide at a flow rate of 2 ml min1 was used throughout.
Determination of GSH synthesis rate using 35S-cysteine and 35S-methionine Exponentially growing cells were incubated with 1 pCi ml-1 35S-labelled cysteine or with 5 pCimI-1 35S-labelled methionine dissolved in alpha-MEM medium for 3 h at 37°C. Cells were then washed, trypsinised and prepared for GSH analysis by HPLC as described above. Fractions of the HPLC effluent were collected every 30s. The amount of radioactivity in each fraction was measured by a liquid scintillation counter (Searle). Gilbaldi & Perrier, 1982 GRA; *, OW-1; 0, SKA; 0, MLS. Cells were exposed in suspension to pgml-l ADR. For GSH determination and clonogenic cell survival see Figure I and Table II respectively. Error bars represent +s.d. variations in GSH content among the cell lines were greatly reduced when GSH was expressed on a per volume basis, being 4.5-7.8 x 10 -3 fmol ,m-3 (Table II) .
Effects of ADR treatment on the GSH content of tumour cells
The effects of ADR on tumour cell GSH content were studied in all the ovarian tumour cell lines. Control groups not exposed to ADR maintained their GSH contents at a steady level throughout the duration of the experiment. The GSH contents of treated groups were always compared to those of their corresponding parallel control groups. Figure  1 shows the changes of GSH concentration with time for the various ovarian tumour cell lines when treated with ADR (1 ig ml -1). Upon exposure, there was a small initial decrease (statistically not significant, P>0.1) in GSH concentration at 15-30 min. Some cell lines recovered readily from the early drop in GSH concentration to reach levels above the initial pretreatment values. On the other hand, a few cell lines exhibited depleted GSH content throughout the entire 3h measuring period. These differences in GSH concentration kinetics following ADR treatment were cell line specific but were not related to the cell's initial GSH concentration (Table II) (Table II) . With GSH AUC kinetics parameters, however, a high degree of positive correlation could be predicted between these parameters and cellular sensitivity to ADR (Figure 2) . A highly significant degree of correlation was observed with AAUCO3h (r=0.92; P<0.01) (Figure 2a ). Slightly lower but still statistically significant degrees of correlation were also observed with % AAUCO3h (r=0.86; P<0.02) and with absolute AUCO3h (r=0.77; P<0.05) (Figure 2b ).
Effects of ADR treatment on the rate of GSH synthesis 35S-cysteine and 35S-methionine were used as tracers to monitor the rate of GSH synthesis. Figure 3 shows that the HPLC fluorescence peak corresponded exactly to the radioactivity peak. The amount of labelled GSH synthesised was Time (min) Figure 5 a, HPLC chromatogram of authentic ADR and its four major metabolites. Peak 1, adriamycinol; peak 2, adriamycin; peak 3, 7-deoxy-13-di-hydro-adriamycinone; peak 4, adriamycinone; peak 5, 7-deoxy-adriamycinone (gifts from Dr Mervyn Israel, University of Tennessee). b, HPLC chromatogram of the cellular extract obtained from the human ovarian cell line MLS following treatment with ADR (1 tg ml-1) for h. measure of the rate of efflux of cellular ADR. The ADR concentration in the culture media, as measured by HPLC at the end of the 1 h incubation, was 0.161+0.018 (+s.d.) x 10 19mol pm-. The intracellular concentrations of free ADR in the ovarian tumour cell lines therefore exceeded that of the extracellular ADR concentration by 16 to 26-fold, but the differences in accumulation between the cell lines were not statistically significant (P>0.05). The rates of ADR efflux also were not significantly different among the cell lines. Intracellular ADR concentrations were 3-6% of the accumulated ADR concentration 2h after washing the cells free of extracellular ADR (Table V) . Neither cellular ADR accumulation nor effiux rates appeared to correlate with the intrinsic sensitivity of the cell lines to ADR.
Discussion
The present results show that the sensitivity of a panel of human ovarian tumour cell lines to ADR does not depend on the initial, steady-state GSH content per se. However, the ability of the cells to maintain an appropriate GSH level in the face of the oxidative stress imposed by ADR appears to be important for cell survival, although whether this capacity is directly responsible for ADR resistance is still unclear.
The maintenance of a high GSH content may be beneficial to a cell in two ways: (1) by increasing the ability to scavenge cytotoxic free radicals; (2) by maintaining a viable Cells were immediately washed after the 1 h exposure and ADR concentration determined (Oh) or resuspended in ADR-free medium and ADR determined 2 h later. Vales were means + s.d. of n = 6 from two independent experiments.
, --_ GSH/GSSG ratio. Regarding the first mechanism, the protective function of GSH has long been suspected and it is generally accepted that a major mode of action of GSH is the scavenging, both enzymatically and non-enzymatically, of toxic free radicals in the environment of critical target sites such as DNA (Arrick & Nathan, 1984) . There is evidence that free radicals can lead to cell injury and death, and may also be the underlying mechanism for radiation-induced cytotoxicity (Adams, 1972) and pulmonary oxygen toxicity (Nustafa & Tierney, 1978) . For ADR, it has been established that highly reactive, oxygen-centred free radicals such as superoxide anion (02) and hydroxyl radical ('OH) could be generated through its reductive metabolism in a cell-free system (Goodman & Hockstein, 1977; Bachur et al., 1978) as well as in intact cells in vitro (Sinha et al., 1987; Doroshow, 1986) . If such reactive radicals were formed in the present set of cell lines in vitro it is likely that those cell lines capable of maintaining a high concentration of GSH probably have differential advantages over cell lines that fail to maintain their GSH contents. The importance of GSH has also been supported by recent studies using buthionine sulphoximine (BSO), a specific inhibitor of GSH synthesis, which can greatly increase the sensitivity of tumour cells to a variety of anti-cancer drugs. For example, when this agent was used to deplete GSH before ADR exposure, dose-modification factors between 1.5 and 8 have been observed (Hamilton et al., 1985; Suzukake et al., 1982; Green et al., 1984; Crook et al., 1986; Lee et al., 1988; Kramer et al., 1988) . Importantly, the degree of potentiation was shown to be directly related to the extent of GSH depletion (Lee et al., 1988) . Further evidence for the importance of GSH comes from the data of Rice and co-workers (1986) , who showed that all 19 ADR resistant clones of the CHO cells isolated by the cloning rings technique had elevated GSH values. GSH has also been shown to play a role in determining tumour response to a variety of chemotherapeutic agents in vivo (Ono & Shrieve, 1986; Tsutsui et al., 1986; Kramer et al., 1987) . Of particular interest is the recent observation that human ovarian tumour xenografts resistant to melphalan could be made sensitive by depletion of GSH with BSO (Ozols et al., 1987) . Thus, the involvement of GSH in the protection of tumour cells against cytotoxic treatment appears to have been convincingly demonstrated. The maintenance of a high GSH/GSSG ratio has been shown to be vital for the functional integrity of cell membranes (Lotscher et al., 1979; Harris & Baum, 1980) . It was shown that unless membrane sulphydryls were kept in a highly reduced state, the membranes could become leaky, resulting in the uncontrolled release of Ca2 + into the cytoplasm from the mitochondria as well as influx from the extracellular spaces (Lotscher et al., 1979) and this had been postulated as a 'common pathway' of cytotoxicity for chemicals that induce oxidative stress (Schanne et al., 1979) . ADR was shown not only to form H202 and other oxygen-centred free radicals during its metabolism (Goodman & Hockstein, 1977; Bachur et al., 1978; Doroshow, 1986; Sinha et al., 1987) , but also to have the ability to kill cells without entering them, presumably through damage to plasma membranes (Tritton & Yee, 1982; Tokes et al., 1982) . Thus it is entirely possible that cell lines that can maintain a high GSH/GSSG ratio, because of their greater ability to regenerate GSH, may have differential advantage over cell lines that cannot do so.
The present study showed that the ability of the resistant cell lines to maintain their GSH contents may be due to their higher basal rates of GSH synthesis vis a vis the 'sensitive' cell lines. Under normal conditions, GSH synthesis is subjected to feedback inhibition, by GSH itself, of the ratelimiting enzyme y-glutamyl-cysteine synthetase (Meister & Anderson, 1983) . Upon treatment with ADR, GSH may be removed spontaneously through reaction with free radicals or enzymatically through the action of GSH peroxidase and S-transferase. This removal of GSH would be expected to alleviate somewhat the feedback inhibitory effect of GSH. Consequently, the rates of GSH synthesis increased on average by 4-6% above control value in all cell lines ( Figure  4) . The difference between 'sensitive' and 'resistant' cell lines appeared to be that the latter have higher basal rates of GSH synthesis than the former, and therefore a 4-6% increase in synthesis rate for the 'resistant' cell lines represents substantially more GSH in real terms than in the 'sensitive' cell lines. While it is not clear whether the increase in GSH content in the 'resistant' cell lines was the direct cause of their intrinsic resistance, or simply a consequence of their non-susceptibility to the toxic effects of ADR, the well demonstrated protective effects of GSH against ADR cytotoxicity (Hamilton et al., 1985; Ozols, 1985; Yoda et al., 1986; Lee et al., 1988) would suggest the increase in GSH content as being a contributing factor.
The development of drug resistance to ADR has been the subject of intense investigation. Besides the mechanisms relating to the GSH redox cycle, other possible modes of resistance included those involving changes in drug transport and topoisomerase II activity (Glisson et al., 1987) . A number of reports have shown that ADR resistance can be associated with decreased cellular ADR concentration due to increased rates of ADR efflux (Harker & Sikic, 1985; Inaba & Johnson, 1978) . More recent studies have linked ADR efflux with a 170kDa P-glycoprotein located on the plasma membrane which was 'over-produced' in resistant cells (Kartner et al., 1983) . However, there is a large body of evidence suggesting that transport changes may not be the only mechanism responsible for ADR resistance. Thus, recent reports have shown that a panel of human sarcoma (Harker et al., 1986 ) and ovarian tumour (Louie et al., 1986) cell lines exhibit differential sensitivities to ADR but no detectable differences in ADR transport. Furthermore, a significant number of resistant human tumour cell lines have failed to demonstrate the 170kDa P-glycoprotein presumed to be responsible for affecting ADR transport (Richert et al., 1985; Mirski et al., 1987; Fuqua et al., 1987) . In other studies the 170kDa P-glycoprotein was determined to be important, but not the only mechanism of acquired and de novo resistance to ADR in human tumour cell lines (Kramer et al., 1988) . Consequently, the identity of the dominant mechanism(s) of ADR resistance in patients appears to remain unresolved. The present study also failed to find a consistent correlation between ADR accumulation and ADR sensitivity, confirming the idea that at least in some instances changes in drug transport may not be the predominant mechanism of resistance. Furthermore, the failure to detect ADR metabolites in all of the ovarian tumour cell lines studied ( Figure 3 and Louie et al., 1986 ) strongly implies that alterations in the metabolic detoxification process were probably not involved in determining cellular sensitivity to ADR in the present studies.
In the search for clinical drug resistance, it is important to use model systems that most closely resemble human tumours in situ. For this reason the present study used a panel of human ovarian tumour cell lines established directly from patients whose treatment histories were known (Table  I) . In all cases no further selection had been made in vitro for drug resistance. It is of note that the difference in sensitivity to ADR between the most sensitive and the most resistant lines was only approximately 3-fold, in good accordance with previous findings using cell lines established from patients' biopsies with no subsequent selection in vitro (Louie et al., 1986; Ganapathi et al., 1986; Aida & Bodell, 1987) . Significantly, cell lines obtained from previously untreated patients (SAU and GRA) were among the more sensitive cell types, whereas cell lines established from heavily treated, relapsed patients (MLS and SKA) were among the more resistant cell types (see Tables I and II) .
In summary, the present study identified a difference between ADR 'sensitive' and 'resistant' human ovarian cell lines in their response to ADR treatment: resistant cell lines maintained a high GSH level during drug exposure whereas sensitive cell lines did not. Consequently, resistant cell lines had higher GSH AUCs for the duration of ADR exposure than did sensitive cell lines. Currently, many investigators believe that resistance to a drug such as ADR, and potential treatment failure or relapse, may be due to a number of independent mechanisms. A number of these have been identified (Lee et al., 1988; Harker et al., 1986; Harker & Sikic, 1985 , 1986 Louie et al., 1986; Ganapathi et al., 1986; Aida & Bodell, 1987; Inaba & Johnson, 1978; Harris et al., 1979; Siegfried et al., 1983; Kartner et al., 1983; Richert et al., 1985; Rice et al., 1986) . The present study suggests that alterations in GSH level during ADR exposure may be an important factor in drug resistance and should merit further investigation.
